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In vitro-produced embryos store high lipid content in cytoplasmic lipid droplets (LD), and
reduction or removal of LD has been demonstrated to improve freeze-thaw viability. The
Perilipin Adipophilin Tail-interacting Protein of 47 kD (PAT) family of proteins is involved
in the formation and regulation of LD in many cell types, but their presence has not been
addressed either in cattle oocytes or preimplantation embryos. Therefore, this study aimed
to detect the expression of PAT family transcripts (Perilipin-2 [PLIN2] and Perilipin-3
[PLIN3]) in immature and in vitro-matured (IVM) oocytes, and in in vitro-produced em-
bryos at the stages of two to four cells, eight to 16 cells, morulae (MO), and blastocyst (BL).
The expression of PLIN3 was downregulated in response to IVM, and PLIN2 was compar-
atively more expressed than PLIN3 in IVM oocytes (P < 0.001). During the early stages of
embryo development, PLIN2 expression reached its peak at the MO stage (P < 0.001) and
decreased again at the BL stage. In contrast, PLIN3 was expressed in low levels during the
earliest stages of development, slightly upregulated at the MO stage (P < 0.05), and greatly
increased its expression at the BL stage (15-fold; P < 0.001). PLIN3was comparatively more
expressed than PLIN2 during embryo culture in most stages analyzed (P < 0.05), except in
eight- to 16-cell embryos. These results indicate that PLIN2 might be involved in the
maintenance of lipid stocks necessary to support embryo development after fertilization of
IVM oocytes. Also, we hypothesize that PLIN3 is the main PAT protein responsible for
stabilization of LD formed in consequence of the acute lipid load seen during embryo
development. We conﬁrmed the presence of both PLIN2 and PLIN3 proteins in BL at Day 7
using immunocytochemistry: these PAT proteins colocalized with LD stained with BODIPY.
PLIN3 seemed to be more ubiquitously spread out in the cytoplasm than PLIN2, consistent
with the pattern seen in adipocytes. These ﬁndings suggest that both elderly (bigger) and
newly formed (smaller) LD, positive for PLIN2 and PLIN3 respectively, coexist in blasto-
cysts. To our knowledge this is the ﬁrst report showing that transcripts of the PAT family
are present in cattle oocytes and embryos.
 2014 Elsevier Inc. All rights reserved.3.
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Lipid droplets (LD) are vesicles rich in neutral lipids
that exist in virtually all organisms and are involved in a
broad range of cell functions such as energetic homeo-
stasis and cellular protection against lipotoxicity [1–5].
Lipid droplets have a singular structure, composed of a
highly hydrophobic core of ester lipids surrounded by a
phospholipid monolayer to which several regulatory
proteins are anchored [6].
The Perilipin Adipophilin Tail-interacting Protein of 47
kD (TIP47) (PAT) family comprises proteins related to the
structure and biogenesis of LD [7,8]. The proteins from the
PAT family are highly conserved across species and have
been identiﬁed in several cell types [9]. The acronym PAT
derives from the former names of the ﬁrst three members
of the family: Perilipin, Adipose Differentiation Related
Protein (also called Adipophilin), and TIP47. However, the
nomenclature of those proteins was recently modiﬁed and
the ﬁrst three members are currently known as Perilipin
(PLIN) 1, 2, and 3 [10].
Perilipin 2 is assumed to be the most important PAT
family member, found in adipocytes during adipogenesis,
steroidogenic cells, and other cells not specialized in lipid
storage [9]. Noteworthy, PLIN2 was shown to be upregu-
lated in mouse oocytes after preovulatory hormonal stim-
ulation [11]. Perilipin 3 can promptly be recruited to the
newly synthesized LD, suggesting its involvement in pro-
tection and trafﬁcking of nascent LD. Although PLIN2 seems
to be quickly degraded in the cytosol, PLIN3 remains active
for a longer time and was observed either associated with
LD or soluble in the cytosol [12].
In vitro-produced embryos from domestic animals
frequently exhibit higher quantity of LD when compared
with their in vivo-produced counterparts [13–15]. Reduc-
tion of post thaw viability is associated with the abnormal
quantity of LD in blastomeres because they contribute to
the occurrence of cryofractures during the freezing process
[16–19]. For this reason, several approaches such as embryo
micromanipulation and modiﬁcations of culture media,
have been used to reduce or to remove LD from in vitro-
derived embryos [20–24]. In this context, presence of fetal
calf serum (FCS) and high oxygen tension (e.g., 20%) during
in vitro culture (IVC) increases the number and size of LD,
decreasing freeze-thawing resistance [13,21], and low ox-
ygen tension and absence of FCS during IVC generates
embryos more resistant to cryopreservation, similar to
those produced in vivo [15,25]. These ﬁndings suggest that
oxygen concentration and FCS supplementation during IVC
play a key role in regulating LD formation in in vitro-pro-
duced embryos.
Considering the importance of LD in embryo quality and
cryopreservation, and the role of PAT proteins in the
biogenesis of LD, we hypothesized that PLIN2 and PLIN3
might be expressed during early embryogenesis in cattle.
To address this hypothesis we evaluated the expression
levels of PLIN2 and PLIN3 in cattle oocytes and preimplan-
tation embryos cultured in a low oxygen concentration
during IVC. To conﬁrm gene expression, we also tested for
the presence of PAT proteins in blastocysts. To our knowl-
edge, this study is the ﬁrst characterization of Perilipinexpression in cattle oocytes and across preimplantation
stages of embryos produced in vitro.
2. Materials and methods
All chemicals and reagents were purchased from Sigma-
Aldrich Chemical Co. (St. Louis, MO, USA) unless otherwise
stated.
2.1. Oocyte collection and IVM
Cattle ovarieswere collected ina local slaughterhouse and
transported to the laboratory in 0.9% saline solution at room
temperature. Follicles with diameters between 2 and 8 mm
were punctured with a 20-ga needle attached to a 10-mL
syringe. Only cumulus-oocyte complexes with compact
cells and homogeneous cytoplasm were selected for IVM.
Groups of 10 cumulus-oocyte complexes were cultured in
100-mL droplets of IVM medium consisting of bicarbonate-
buffered TCM-199 medium (Gibco, Grand Island, NY, USA)
supplemented with 10% FCS, 50 mg/mL LH (Bioniche Animal
Health Inc., Belleville, Ontario, Canada), 0.5 mg/mL FSH (Bio-
niche), 0.2 mM sodium pyruvate, and 50 mg/mL gentamicin,
under mineral oil. Oocytes were kept for 22 hours in a hu-
midiﬁed incubator maintained at 38.5 C and 5% CO2 in air.
2.2. IVF
Frozen-thawed semen from a single crossbred bull (Bos
taurus  Bos indicus) was prepared for IVF using Percoll
density gradient [26]. After 22 hours of IVM, oocytes were
washed in IVF medium and transferred to 80-mL droplets of
IVF medium (sperm Tyrode’s albumin lactate pyruvate
[TALP] with heparin) supplemented with 30 mg/mL hepa-
rin, 18 mM penicilamine, 10 mM hypotaurine, and 1.8 mM
epinephrine, and coincubated with approximately 2  106
spermatozoa per mL for 18 hours in a humidiﬁed incubator
maintained at 38.5 C and 5% CO2 in air. The insemination
day was considered as Day 0.
2.3. IVC
After IVF, groups of twenty presumptive zygotes were
denuded of cumulus cells using gentle pipetting and
cultured in 100-mL droplets of IVC medium [27] (Synthet-
ical Oviductal Fluid supplemented with 50 mg/mL penicillin
and 4 mg/mL BSA). Zygotes were cultured in humidiﬁed
incubators at 38.5 C in low oxygen atmosphere (5% O2, 5%
CO2, and 90% N2). Embryos cultured in this system were
used for the analysis of gene expression.
For immunocytochemistry of PAT proteins, cumulus
cells were removed from presumptive embryos 27 to 30
hours after IVF and were cultured in a monolayer of
cumulus cells in Synthetical Oviductal Fluid medium as
previously described [27], and kept in a humidiﬁed incu-
bator maintained at 38.5 C and 5% CO2 in air.
2.4. Sampling and storage
Immature and IVM oocytes were denuded of cumulus
cells using gentle pipetting in 0.5% hyaluronidase solution.
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polar body were sampled. In vitro-produced embryos were
collected from IVC at Day 2 (two to four cells stage), Day 3
(eight to 16 cells stage), Day 5 (morulae), and at the end of
Day 6 (blastocysts). Oocytes and embryos had the zona
pellucida removed using incubation in 1.5 mg/mL protease
solution for 1 to 2 minutes. Immature and matured (with
ﬁrst polar body) oocytes were stored in pools of 20 oocytes
in 0.2-mL polystyrene microtubes containing 1 to 5 mL of
PBS solutionwith 0.1% polyvinylpyrrolidine and 0.1% RNase
inhibitor (RNase OUT, Invitrogen Inc., Grand Island, NY,
USA). Embryos were stored in pools of 10 in the same
conditions. Samples were then kept in liquid nitrogen until
RNA extraction.
2.5. RNA extraction and cDNA synthesis
Total RNA extraction of pooled oocytes and embryos
was carried out using RNeasy Micro kit (Qiagen Inc.,
Valencia, CA, USA) following manufacturer’s instructions.
RNA was treated with DNAse I (supplied in the RNA
extraction kit) to avoid genomic DNA contamination.
Reverse transcription was performed using High Capacity
Reverse Transcription kit (Applied Biosystems, Foster City,
CA, USA), following manufacturer’s instructions.
2.6. Gene expression analysis
Real time (RT) polymerase chain reaction (PCR) was
performed using the ABI PRISM 7500 Real Time PCR system
(Applied Biosystems). Primers were designed using Primer
Premier software v4.11 (Premier BioSoft International, Palo
Alto, CA, USA) to span exon-exon junctions (Table 1). The
histone cluster 1 H2AG (HISTH2AG) was used as endoge-
nous control [28]. Each 20-mL reaction consisted of 10 mL of
SYBR Green PCR Master Mix (Applied Biosystems), with 0.2
mM of each primer (forward and reverse), and 10 mL of 1:20
dilution of the cDNA sample. The following ampliﬁcation
cycling condition was used: 95 C for 10 minutes, 45 cycles
of 58 C for 15 seconds, and 60 C for 45 seconds. Speciﬁcity
of RT-PCR products were veriﬁed using dissociation curves
and by running the PCR products in agarose gel.
To overcome the limited amount of cDNA, we followed a
previously proposed protocol [29], which consisted of the
preampliﬁcation of the cDNAusing conventional PCR, using
the same set of primers, followed by the quantitative RT-
PCR. Preampliﬁcation conditions were 0.2 mM PLIN2 and
PLIN3, and 0.1 mM HISTH2AG of each primer, 10X enzyme
buffer (Invitrogen), 15 nMMgCl2 (Invitrogen), 0.14 nM eachTable 1








Abbreviations: F, forward; R, reverse.deoxyribonucleotide triphosphates (dNTPs) (Invitrogen),
0.2 U/mL of Platinum Taq Polymerase (Invitrogen), and 2 mL
nonampliﬁed cDNA to a ﬁnal volume of 20 mL. The thermal
proﬁle consisted of 94 C for 10 minutes, followed by 10
cycles of 94 C for 15 seconds, 58 C for 5 seconds, and 72 C
for 45 seconds, and a ﬁnal step of 4 C for 5 minutes.
Ampliﬁcation linearity for each primer set was evaluated as
described elsewhere [29]. Reaction efﬁciency was esti-
mated using the quantitative PCR data analysis LinReg PCR
12.x software [30] by setting an individual window-of-
linearity for all amplicons, encompassing linear phase of
reactions. The DDCt gene expression analysis was carried as
previously described [31].
2.7. Immunocytochemistry
To detect the presence of PAT proteins in preimplanta-
tion embryos, Day 7 blastocysts were ﬁxed in 4% para-
formaldehyde for 10 minutes at room temperature, washed
three times in PBS containing 0.1% polyvinyl alcohol and
stored at 4 C. Embryos were permeabilized with 0.2%
Tween-20 for 15 minutes, washed three times in
0.1% polyvinyl alcohol in PBS, and blocked for 30minutes in
1% BSA solution. Samples were then incubated with pri-
mary antibodies (1:50 dilution in 1% BSA, overnight)
against PAT proteins: goat anti-PLIN2 or goat anti-PLIN3.
After several washings, embryos were incubated with the
second antibody (1:100 dilution in 1% BSA solution for 1
hour), Texas Red-conjugated rabbit anti-goat (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA), and washed three
times before mounting on the slide. A negative control was
used for each secondary antibody, using blastocysts that
were not incubated with primary antibody. Embryos were
analyzed using ﬂuorescence microscopy.
2.8. Statistical analysis
An ANOVA test was used to check for differences in the
expression of each gene across the developmental stages.
All statistical tests were carried out using SigmaPlot 11.0
software.
3. Results
The efﬁcacy of the IVF, as assessed according to the
mean cleavage and blastocyst rates (67.2% and 39.7%,
respectively) was considered adequate, ensuring the qual-
ity of the in vitro expression assays that allowed detecting




Fig. 1. Relative expression of PLIN2 and PLIN3 in immature and in IVM oo-
cytes. PLIN3 was downregulated in response to IVM and PLIN2 was
comparatively more expressed than PLIN3 in IVM oocytes. Data are log
transformed, represented as mean  SD and normalized by housekeeping
gene HISTH2AG. Within a panel, means without a common letter differed (P
< 0.05). * P < 0.05.
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electrophoresis (data not shown).
PLIN2 expressionwas stable during IVM (Fig.1), whereas
expression of PLIN3 decreased in IVM oocytes (P < 0.05).
PLIN2 expression levels in IVM oocytes was greater than
those of PLIN3 (Fig. 1; P < 0.001). Conversely, during the
early stages of embryo development, PLIN3 seemed to be
upregulated and it was more expressed than PLIN2 in two
to four cell, morulae, and blastocyst stages (Fig. 2). Note-
worthy, PLIN3 was expressed 15-fold more than PLIN2 in
blastocysts (P < 0.001). Among embryonic stages, PLIN2
had its lowest expression at the two- to four-cell stage,
reaching its peak at morulae stage, whereas PLIN3 lowest
expression level was at the eight- to 16-cell stage, reaching
its peak at blastocyst stage.Fig. 2. Relative expression of PLIN2 and PLIN3 during early embryo devel-
opment. PLIN2 reached its peak of expression in the morulae stage and PLIN3
was expressed at its greatest level in blastocysts. PLIN3 was comparatively
more expressed than PLIN2 in most stages analyzed. Data are log trans-
formed, represented as mean  SD, and normalized by housekeeping gene
HISTH2AG. Within a panel, means without a common letter differed (P <
0.05). * P < 0.05.Immunocytochemistry assays detected PLIN2 and PLIN3
proteins at the blastocyst stage (Fig. 3). Both proteins
colocalized with LD stained with BOPIDY. PLIN3 seemed to
be more ubiquitously spread out in the cytoplasm than
PLIN2, and the latter seemed to be found in larger aggre-
gates than PLIN3. Negative control samples showed no
staining for either PLIN2 or PLIN3. Therefore, these data
indicate that these PAT proteins coexist in Day 7 blastocysts
in the cattle species.
4. Discussion
In this work, we describe the ﬁrst attempt to analyze the
expression of two proteins from the PAT family during
in vitro oocyte maturation and early embryo development
in cattle. Expression of PLIN2 was not altered after matu-
ration, although PLIN3 was downregulated in response to
IVM. These results agree with those previously reported in
mice for PLIN2 during IVM [11]. The use of lipid as an energy
source in oocytes undergoing maturation in vitro is
remarkable, hence lipase levels increase signiﬁcantly dur-
ing this period [32,33]. In fact, there is evidence that tri-
glyceride molecules can be cleaved into fatty acids, which
in turn can be transported to the mitochondrial membrane
and be used for b oxidation [34,35]. The presence of PAT
proteins in oocytes demonstrated here creates new ways of
thinking which molecules play roles in these biochemical
processes during IVM.
Althoughnot being altered in response to IVM, PLIN2was
comparativelymore expressed than PLIN3 in in vitromature
oocytes. Previous reports suggest that PLIN2 prevents lipid
degradation and hence promotes lipid accumulation [9],
and PLIN3 is associated with nascent LD when adipocytes
and other cell types are challenged by an environment of
high lipid levels [36]. Therefore, higher PLIN2 expression
could reﬂect oocyte metabolic response to prevent utter
depletion of its lipid stocks considering the elevated energy
demandduringearlycleavages. In addition, colocalizationof
LD and mitochondria can be observed in mature oocytes,
suggesting that the triacylglycerol oxidation pathway is an
important energy source in later embryo development [35].
Our results show that PAT proteins are expressed and could
be involved in those functions. Further workwill be needed
to determine the precise roles of each protein in the lipid
metabolism of IVM oocytes.
Regarding embryo development, PLIN2 and PLIN3
expression increased markedly at morulae and blastocyst
stage, respectively. These upregulation patterns coincide
temporallywith the increase in number of LD seen from the
two-cell stage to the blastocyst stage observed in embryos
produced in vitro described in the literature [13,14,21,37].
Higher expression of PLIN3 in comparison with PLIN2 from
the two- to four-cell stage until the blastocyst stage
matches previous studies demonstrating that PLIN3 pro-
tein is strongly upregulated by sudden lipid supply and it is
associatedwith nascent LD [38].We hypothesize that PLIN3
is the main PAT protein during embryo development in
cattle because of the high energy demand and the need of
proteins to stabilize LD formed in consequence of the acute
lipid load seen in this stage. In fact, lipids can provide an
ATP source needed to support the blastocyst hatching
Fig. 3. Immunocytochemistry of Perilipin Adipophilin Tail-interacting Protein of 47 kD proteins in Day 7 blastocysts. Negative control samples show no staining
(A), and positive staining for Perilipin (PLIN)2 (B) and PLIN3 (C) is shown in red. Lipid droplets stained with BODIPY are shown in green. Images were taken at the
equatorial plain of embryos and visualized using a ﬂuorescence microscope with a 40 objective. Both proteins colocalized with lipid droplets stained with
BODIPY. Perilipin-3 seemed to be more ubiquitously spread out in the cytoplasm than PLIN2, and the latter seems to be found in larger aggregates than PLIN3.
D. Sastre et al. / Theriogenology 81 (2014) 326–331330process and for the further embryonic elongation after
implantation [23,39].
Our results of immunocytochemistry for PAT proteins
evidenced that PLIN3 is foundmore ubiquitously distributed
in the embryo and PLIN2-coated LD seemed less abundant
and found in visually larger aggregates [40]. PLIN2-positive
LD are usually large and thought to be responsible for
long-term lipid storage and PLIN3 is associated with small
newly formed LD [41]. These ﬁndings highlight that newly
formed (PLIN3-positive) and elderly formed (PLIN2-posi-
tive) LD types coexist in cattle blastocysts. Also, this pattern
is similar to the temporal distribution of PAT proteins
observed in adipocytes in which PLIN3 and PLIN4 proteins
are present in the smaller LD, forming dots throughout the
cytoplasm, whereas midsized LD are covered with PLIN2
that is subsequently replaced by PLIN1 as LD get bigger and
centralized [42,43]. Thus, LD-associated proteins might be
an attractive therapeutic target to reduce lipid content and
abnormal LD accumulation that might occur in in vitro-produced embryos, causing damage during the cryopreser-
vation process.
4.1. Conclusions
Our study provides evidence that transcripts and pro-
teins of the PAT family are present in oocytes and embryos
of cattle. The pattern of expression of PLIN2 and
PLIN3 reported here suggests that these transcripts might
be involved in the process of LD formation and accumu-
lation, as described in the literature. The understanding
of the lipid accumulation process in cattle embryos
might contribute to the improvement of cryopreservation
technology.
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